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INFLUENCE(E’LEADINGEi)GESUCTIONONLIFT-IEMGRATIOS

cm’WINGSATSUPERSONICSPEErs

ByClarenceB.Cohen

A methodbasedonlinearizedtheoryispresentedforcalculat-
ingthetheoreticalsuctionforceatthemibsonicleadingedgesof
a familyofwingsatsupersonicspeeds.The*a is usedto
determinetheaptimmsweepbackanglesforthetipsoftrapezoidal
_ @ todeterminetheeffectofcurvatureofthetip contour
onthelift-dragratioofwingregionsinfluencedbythetip.The
effectofskinfrictionisficluded.Thepossiblegaininlift-
dragratiofrom‘propertipdesignoftrapezoidalwingsficreases
asthesweepbackofthewingIsincreased.Resultsindicatethat
appropriatelycurvedtipboundarieswillgive
ratiosintheregionaffectedbythetipthan
-* .

INTRODUCTION

higherlift-drag
thebesttrapezoidal

.

Thetwo-dimensionaltheoryofW airfoilsatsubsonicspeeds
givesa resultantforcenormaltdthewingsurfaceifonlypressure
forcesonthewingsurfaceareconsidered,whichimpliesa netdrag.
Forthistheory,however,thevelocitycomponentsbecomeinfinite
attheleadingedge.Evaluationoftheeffectofthis‘singularity
yieldsa suctionforcethatexactlycancelsthedragandthussat-
isfiesthemomentumregpirementthattheresultantforcevectorbe
normaltothedirectionofflight(reference1). “

Theprocedureusedtoderivethesuctionforceisnot
restricted.totwo-dimensiomilwingsandfidicatesthatsucha
forcemayoccuralonganyedgeatwhichthenomalcomponentof
thevelocitybecomesinftnite..m thelinearizedtheoryforthin
wingsflyingatsupersonicspeeds,sucha singularityexistsalong
leadingedgessweptbehindtheMachangle.Ithasthereforebeen
proposedbyBrown(reference2)thata leading-edgesuctionforce,
whichtendstocounteractthewavedrag,dsts elongsubsonic
leadingedgesof
ofthisforceis

wingsflyhgatsupersonicspeeds.Themagnitude.
caculatedinreference2 fortriangularwings
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2 NACATiVNo.1718

swept beyondtheMachangle.Thereductionindragpredictedby
theconceptofleading-edgesuctionforcehasbeenshownby
VincentitooccurexperimentallyfortqL~ _ sweptbeyond
theMch angle.

!Cheperturbation:velocitycomponentsregyiredtowaluatethe
localleading-edgesuctionforcemaybeobtainedbythemethodsof
reference3 fortheclassof,wlngsorwingtipsforwhichthefor-
wardMch linefromthemibsonicleadingedgeintersectsa super-
sonicleadingedge.Auanalysisofthesuctionforceforsuch
wingswasmadeattheNACACleveUmdlaboratoryIn1948todeter-
mineitseffectonthelift-dragratio
contours●

Thefol.lmmgS@OIS m“ usedin
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obtainablewithvarioustip
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thisrqport:
constantdefhxlnglocationoftrailingedgeofwing

coefficientofdragaletoskinfriction

lm Coefficimt

pressurecoefficient

chordofwing
dragforce

suctionforce(in

quultitydefining

Cmstantdemmg

liftforce

Machnuniber(free

flightdirecti~)

~=

angleof

Strem)

distancenormalto leading

-c in=-, *P$

straightwingedge

edge
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integrationarea

distancealongwingedge

free-stresmvelocity

obliquecoordinates

distence(inv-direction)betweensubsonicandsupersonic
leadingedges .

Cartesiancoordinates

angleofattack,radians

cotangentofMachangle,

.

JiG

semiapexangleoftrimgdarwing.
an@ebetweenwingedgeandflightdirection(positive
,counterclockwise),$

Mach

mass

UA

angle,sti-l*

density ofair -

perturbation-velocitypotential

Slibscripts:

1 supersonicleadingedge

2 subscmicleadlngedge

f friction

n bdicatesdirectionnormaltow@ leadingedge

t tippointofwing~atgreatestspan)

w wave

. x,y indicatesvelocitycomponentsin x,y directions
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mEuvATIoNcm’EXPRESSIONFURIWDINGEDGESUCTIONFORCE
I

Inmibsonicairfoiltheory,theformoftheegpation0$the
velocitycomponentnormaltotheleadingedge(reference1)is

awherecpn=s istheperturbationvelocityinthen direction
(fig.1). Thus~n a~roaches~inity as n a-aches zero.

-is ofthissingukrityresultsina suctionforceperunit
length,whichcanbeecqressedindifferentialformas(refer-
ence1)

dl?n
x =YcpG2

(1)

(2)

.
wheres isdistsmcealongthewingedge(fig.1).

Equations(1)and(2)~ berewritten,asinreference2,td
includethe~ects ofc~ressibili~.

m== stpG2x E1- 2

(la)

(2a)

where~ istheccmpnentoftheMachmmWr nomaltotheedge.
.

Formibsonictuo-dimensionalwings,thefactorG issuch
thattheforcedefinedbyequation(2a)isjustsufficientto
cancelthedragresultingfromtheflat-plateanalysis.For
supersonicwings,thefactorG mustbedeterminedfromthe
appropriatevalueof 9P atthesubsmicleadingedge.From
reference3,theperturbation-velocitycomponentsinthe x and y
Mrectionsneartheleadingedgecanbewritten(appendixA)as

.

——. . . . . . .-- —---- --—- . . .— --— .—. .— -- -—- ——— __— —. . . .. .
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. .:!9NLI=?
c&=-ql+g)J” }

(3)

Thecoordinatesystemusedhereinisshowninfigure1. The
relationsbetweentheobligyeandCartesiancoordinatesaregiven
by

1 (4)
x= ~ (V+u) y+ (v-u)

Equations
componentnear

(3)maybecmibimedtoobtatithenormalvelocity
edge

I

where

. v-v+,)
R=— u-u, =

Thegeometricalrelationbetween
showninfigure2,where

(5}

.

Rand nasn+O is.

sti(e~) (6)

s Thefolluwinge~ressionsarederivedfromtherelations
betweentheobliqueandCartesiancoordinates:

..
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“e=@&&iJ
()cOse=@H( )iiu22P2l+-

ds=A/”
Withtheaidofmeqyations

maybesolvedfor Gz.

()&=dp!

(7)

(6)and(7),equations(la)and(5)

(?3)

Thisvalueof G2 substitutedintoeqpatton(2a)yieldsthe
normalforceperunitlengthalongthewingedge.

●

Withtheuseoftherelation

,

\

(9)

-— -.-.—. -------- --- —- . ..__ ..=. ..=— .- .. z-- ,
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thereresults

(lo)

Theleading-edgesuctionforcecannowbe~ressedintite-
fomlaa

F & J+-2’)J%.=4f#a2 (n)

Thequantity (1-2)& in egpation (U)is givenin
figure3 asa function of e forthreevaluesof P. Withthe
aidofcurvessuchastheseanda drawhgofthewinginquestion}.
equation(U) maybemaluatedbya numericalsummation.

Theforcedefinedbyeq@ion (U) isobtainedwhentheradius
ofcurvatureoftheleadingedgeisvanishinglysmallandwhenthe
velocitycomponentshormal,totheedgebecomeMinite attheedge.
Inpractice,however,theinfinitevelocitycomponentspredictedby
linearizedtheorycorrespondtoa M* negativepressurecoefficient
neartheedge.Byroundingthesubsonicleadingedgetoincrease
theprojectedareaonwhichthelowerpressurecanact,itis
possibletoreducethetotaldragofthew!ng.Astheedgeradius
isbxreased,anoptimumcurvaturethatcorrespondstoa maximiza-
tionoftheproductofareatimessuctionforceperunitarea,
shouldbeobtained.Ithasbeenshownexperimentallythatround-
ingtheleadingedgaoftriangukrwingssweptbeyondtheMach
mgle increasesthelift-dragratio,butthatcontinuedrounding
beyonda certainvalueproducesno~ -*

* . APPLICATIONOFIJMDINGEDGESUCTI~-FCIRCEEQUA!l!lON

Fora givcamainsurface (fig.1),the
whosetiphasthe

no tnibsonicedge,
I

greatestlift-dragratio

thisratioissimply; =

qymuln wingisone
L/D. Ifthetiphas

1

.- ._-- _ . ...-— —y— ——- —. —— -—-—--—— - —-—— —- ——— ——
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Dw isthewam dragand Df theskin-friction.
hasa *sonic leadingedgeitslift-dragratio

NAOATNNO.1718

drag.Ifthetip
becomes

(12)

.

whereF is

tip withthe

thesuctionforce

minimumvalueof

atthesubsonicleadingedge.The

()
%?F
T-K

thereforehasthehighest

lift-draratio.Iffrictionlessflowisassumed,theparem-
eterF/~ shouldbemaximized.

—

Asanexampleoftheprocedureforobtainingw5ngsofoptimm.

()
%Fplanboundaries,thequantity
%-%

willbe tmma fora

whg witha straight-ltiesupersonic1- e~e vl= klu= ~
gpantityV inegyation(U) thenbeccmesv -kl~ (m. 4)and
thesuctionforceis

wherevt isthevalueofv attheextremetip

istheegpationofthetipedge.

Thewavedragforawingtipofthis

-1$-]..+(kl-l)btan

typeis

and u =IUJV)

(a~endixB)

4(v-klu2)~-(v-k1u2fl

(14)

.

.. ..-— .-. —- -- .-. -..—.— . .—— — —- .- . ----- —.—.-
. .
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andthe friction drag Is

% = %,f

Themnetant b in the eqpationfor the traillngedge
(fig.4). Thenccmibinhgequatione(M) to (16)

.

!s
~-(v-ql,jp (xi) +

~

G
Wk?mmeeth eohoraofthewd.ng

If the wing-tip equation is kept in the generalform

J-}b-(v-kl@
+ (kl-l)btan-l

‘~ ‘v
.

(16)

~(v), the conditionsfor min-
imizinge tton (16)can onlybe indioated.

r
The prooedureG to eet the differmrtialof

equation 16) egpalto zero;the ml.utica to the remilt”ing integral. equaticm, however, haa
not yet been determined.

If the wing Is aeeuumito have a straighttip edgegivenby u, = .,v, then the plan

form is a trapezoidend the integralsIn equation(16)mm be evaluated(qppendlxC) to-
~eld . w
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(17)

where

--%’
O<%<

o

1

anglesoftheleadingand
trailingedges01 and e2, respectively.Theanglescorre-
s3?X toseveralvaluesof.theconstantsare:

. kl
8

0
-1
-

-P

fl/2

P

-1-k2 82

0

“1

The eqpationsrelatingtheangles

.

% = tsn-l

‘2= t#

and the constantsare

(kl- 1)

-

}

, (18)
(1- J@
-

J

Asanindicationofthevariationofleading-edgesuction
forceforthistypeofwing,theeffectof (?2upm F/~, as
c~~tea ~ e~ti~ (17)d (18)tith CD,f= ()>issho~
infigure5 for el= 85° (~ = -2.75)at M = ~. Anopt-
valueof 82 occursatabout20°.

.

Inordertoobtainan-eqyessionforoptimumvaluesof e2
\ (or ~) asa functionof kl, e~tion (17)mustbediffere-

ntiatedandsetequaltozero.Whendifferentiatewithrespect
to k2, theeqpalityyields

...—.—..... .. . . - ... .. . ..— .— —-—- ---. ....-. .-.,... . . -. -: ,. . . . .-,.. . .
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Differentiationwithrespectto ~ yield8notruemaximumforthe
typeofwingtreated.Thevariationoftheoptimumvalueof ~
with kl, asexpressedbyegpation(19),isshowninfigure6 for

pcmf
severalvaluesof ~2 “ /

Am@with eld%o andthreealternatetipcurvesA,B,
andC passingthroughpointsO and t isshowninfigure7. Tip
curveBissweptsothat e2= 20°(theoptimum forthistrape-
zoidalwingfrozlfig.5)● CurvesA andC arearbitrarycurves,
mtfi~ abmtB,&wn thougho ma t.

Thefollowingvaluesof F/~ wereobtainedbynumerical
integrationofeqpations(X5)and(14)forthesetips;theresult-
ingeffecton”lift-dragparameterc&/D forfrictionlessflowis
alsoshown:

.

wing l’~ aL/D
(frlctimless

I I flow)

c I .20 I 1.25

Theseresultsindicatethatthelift-dragratiomaybe~reasedby
theuseofappropriatelycurvedwingboundariesatsupersonic
speeds.

Asanindication
obtainablewithother
withapexanglefora

.

of themagnitudesof F/~ theoretically
me planforms,thevariationof F&
trian@k mlsshowninfigure8. This

z%lattonisbasedontheegpationsinreference2. –

ThevgriathlofZmmluillift-drag,ratiowithq isshown-
infigure9 fortrapezoidaltips.Theselift-dragratioswere●
calculatedfromtheo@imumlWd.UeSof ~ ShOW31infi$ure6.

.... . ----- —... ___ __ ___ .. —-—-— - —— -.—— .——.—.. —. -—. . .. .
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Thelift-dragratioforthemainsurfaceofa trapezoidalwingis
alsoshownforcomparison.Thesecurves“showthatthezwdmum
lift-dragratioofsweptbacktrapezoidalwingsisobtained,not
whenthewingiscutoffattheinnerI&chline(main-surface
curves),butratherwhentheoptimumtipangle,basedonconsidera-
tionofleading-edgesuction,ischosen.(Thisresultheldforallnm
valuesofthefrictionpmxameterp“D,f

~2
shown.) Forsweptforward

trapezoidalwings,however,figure9 indicatesthattheuptimum
1~-dragratioL/D isobtainedwhenthetip’iscutbackatthe
innerI&h angle.

Thelift-dragratioisshowninfigure10asa functionof
angleofattackforthewingtipspreviouslymentioned,forthe
mainsurface,andfora tipcutoffintheflowdirection(tipD).
Thecalculationsweremadefor M = @ and ~,f = 0.005. This
figureindicatesthatappropriatelycurvedplanformsgivemore
favorablelift-dz%gratiosthantheoptimumtrapezoidalwing.For
_ oflowaspectratio,theeffectofthetipdesignbecomes
relativelymoreimportant;a completestudymustthereforeinclude
theeffectofaspectratio.FromtheStandpomofhighlift-drag
ratio,a tipsuchaaD (fig.10)ispoorforanyaspectratio
inasmuchasa higherlift-dragratticanbeobtainedmerelyby
cuttingoffthewingatthel&chline.

r
CONCLUSIONS

Thefollowingconclusionsresultfromamethodforevaluation
ofthetheoreticalleading-edgesuctionforceona typeofwing
forwhichtheforwardMachl-s fromthe‘subsoniclead3ngedge ~
fitersecta supersonicleadingedge:

1.Theoptimumlift-dragratioofsweptbacktrapezoidalwings
isobtainedwherethe~timumtipan@e,basedonconsideratiaof
leading-edgesuction,ischosen.Forsweptforwardtrapezoidal
-, hOWeVer$theOptimumU&&dragratioisobtainedwhenthe
tipiscutbackattheMachangle.Thepossiblegaininlift-drag
ratiofrompropertipdesignoftrapezoidalwingsincreasesasthe
sweepbackofthewingisincreased.

2.Higherlift-dragratiosmaybeobtainedwithwingtips -
whoseedgesareappropriatelycurvedthanmaybeobtainedwith
straight-linewingtips●

~WiSmight -pulsion Laboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio,July15,1948.
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APPENDIXA

PIRTURMTION-VEUKXTYC(l@OXUEWJ!S

NFARSUBSONICLEADINGEDGE

Thex-componentoftheperturbationveloctty

q istheperturbation-veloci~
as

*=UU rd(,(,dv’-dut
ax 2f3Yr u-u‘ v-v’

d,,

potential,isgiveninreference3

wheretheprimesdenotethevariablesofintegration.

Iu
.

)\u
v

=UJv)

Theintegralsareevaluatedalongthesupersonicleadingedge
fromA toB andalongtheMachlinefromB toQ. WhenpointP
approachesthesubsonicleadingedge m (n+O),pointsA andB
convergeandequation(Al)reticesto

.. —.-. .. ____ . .. —-.___ —.C—. —— .- ——.. ——.——

. .
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whichupon~tegration
eqy-essionfor cp is

Y

,

NACATNNO.1718

( )/’d%
1

av’
-T J(u-u’)(v-v’)

becomesthefirstof
obtainedshdkrly.

,

equations

(A2)
+’o0’1-1,

.

—-—- ---- - -. -. . ——. —.- .-— —— —-— -—— —- — -—
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Inaccordance
plateis
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APPENDIXB.

IIRAGF(llN2E

with-linearizedtheory,

whsretheliftcoefficientcsnbe~ressedas

-2
[J

Cptis

%=

u
as

Forawingofthstypeshownin
thatthepressurecoefficientcanbe

.=-? SJC?JJ-+
A conibinationofequations(Bl)

figure 4,
e~ressed

Wavedragofa thin

(Bl)

(B2)

reference3 shows
as

l-kl

r]

kl(~-u)

<
tan-l —v-kl~ (B3)“

-kl

to (B3)yields

whichuponintegrationwithrespectto u becomeseqpation(14). z

1

. .

. -.. . .. .. . ..— — _ --- --- . -- -- —
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APPENDIXc

SUCTIONFCWE ANDIIRAGFORA

.

TREWEZOIIIALWING .

Theequationofthetipofa trapezoidalwingis

. qv) =ILy (cl)
.

. .

Bythauseofthisequation,ifthevalueof vt is~~~ t~ .

wavedrag.frictiondrag,- suctionforceoanbeobtainedfrom
.

equatiom””(13)-to(M).‘-Forthetrapezoidalwing

Theuseofegpations(Cl)and

M@(kl + 1)2”-4k1
2$

(C2) inegpations(I-3)

.

(q2)

to(1.5)yields

((3)

(C5)‘

#

Bysubtractingeqyation(C3)from(CS) andbydividingtheresult
hy’equation(C4),egpation(17)isobtained.

,-

.

1

,
.

.

.
.

.
* .
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Supersonic
leadingedge
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Figure4. -W~ngwithstraightsupersonicleadi~edgeand
generalizedsubsonicleadingedge ~(v).
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